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FOREWORD 
This is the fifth in a series of Technical Reports concerning fuel 
sloshing under low-gravity conditions. Reference to the f irst  four reports 
(Technical Report No. 2, October 1966; Technical Report No. 4, March 1967; 
Technical Report No. 5, December 1967; and Technical Report No. 6, 
February 1968, all for Contract NAS8-20290) will aid in understanding the 
present report. 
A companion report presenting an approximate analysis of low -gravi cy 
sloshing in ellipsoidal and spherical tanks is in preparation. It should be 
issued by mid-summer 1969; 
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ABSTRACT 
Liquid sloshing in  oblate ell ipsoidal tanks is studied experimental ly 
under conditions of simulatt-d low gravi t ies .  Tlze r e s u l t s  demons t ra te  that 
the variat ion of f ree - sur face  curva tu re  with liquid depth has a strong in-  
fluence on the natura l  frequency; for  tanks over  one-half full, the frequency 
dec rea se s  markedly  as the Bond number  is decreased .  Moreover ,  the fo rce  
response  charac te r i s t i c s  show that the m a s s  of liquid participating in the 
sloshing is, in every  case ,  l e s s  than the corresponding sloshing m a s s  fo r  
a flat f r e e  surface.  Calculations of the s losh  damping show i t  to be a function 
of the liquid level, the Bond number,  and the Galileo number.  
vii 
I. INTRODUCTION 
Present  and future space missions often require that a large m a s s  of 
liquid propellant, which is eventually to be used during various engine burns, 
must remain in the tanks throughout long d u r a t i o ~ ~ s  of reduced gravity flight. 
To insure both restart ing of the engines and guidance and control during the 
coasting periods, it  is necessary f i r s t  of all to understand the behavior of a 
liquid having a free  surface in a reduced gravity environment. Unfortunately, 
engineering data under t rue  low-gravity conditions cannot be easi1.y obtained, 
but, nonetheless, the dynamics of low -gravity sloshing (i. e. , low r md 
number sloshing) can be simulated by using model tanks of such small size 
that the surface tensio.1 forces a r e  comparable to the gravity forces. Valuable 
data about slosh forces, frequencies, and damping already have been obtained 
by this m\sthod [ 1, 2, 3, 4, 51 *. Furthermore,  these data agree  very well 
with both Frue low-gravity results ,  where they exist, and available theoret- 
ical computations. 
The purpose of the work reported here was to conduct an exploratory 
program of research  concerned with sloshing under moderately low simulated 
-
gravity (Bond numbers of about 48 to 172) in two different oblate ellipsoidal 
tank geometries. One set  of tanks had a rat io of major to minor axes of 
fi/ 1.0; the seconi  set  had a rat io of 1.991 1. 0. Dimensions of the four tanks 
used a r e  listed in Table 1. 
Each tank was machined out of aluminum in two halves, with a small  
Iilling hole in one half. Three different liquids (carbon tetrachloride, 
methanol, and acetone) were used in the tests.  
TABLE 1. TEST TANKS 
*Numbers in brackets refer  to List  of References, Section V. 
I 
-, . , 
" -.,. . .,"' I.,7..-. ,I I.' ...-..,><r.. , ..:... ..., l l. 
w - - 
Axes Ratio 
6 1 1 . 0  
1.991 1. 0 
Tank No. 
1 
2 
3 
4 
Major Diam 
1.354 in. 
0. 760 in. 
1. 354 in. 
0. 760 in. 
Minor Diam 
0. 958 in. 
0. 538 in. 
0.682 in. 
0. 3 82 in. 
4 
An analysis of low-gravity sloshing in ellipsoidal and spherical tanks, 
based on solving the Hamiltonian of the liquid dynamical system approximately 
by Rayleigh-Rita methods, i s  underway. When the analysis has been com- 
pleted, the present experimental results will be correlated with the theoretical 
computations. 
11. EXPERIMENTAL APPARATUS AND PROCEDURES 
The experimental setup used in the presant tes t s  was similar  to that 
described in Refs. [4] and 151. A typical installation of active and dummy 
tanks in the SwRI dynamometer i s  shown in Figure I .  The aluminum ellipsoi- 
dal tank shown on the right in this figure is the active tank; that is, it  is  the 
tank which contains the tes t  liquid. The cylindrical tank on the left  is a 
dummy tank used to cancel, electrically, the inertia signal (in the Wheatstone 
bridge circuit)  of the empty active tank. Further details a r e  given in Ref. 121. 
Experimental procedures, calibrations, and data reductions were the 
same a s  reported previously [ 2 ] .  Because the SwRI dynamometer package has 
now been in use for nearly 3 years, a certain amount of wear and tear  has 
occurred. This degradation of performance precluded the use of methanol 
and acetone, both of which have l e s s  than one-half the density of carbon 
tetrachloride, in the smallest  tanks (Tanks Nos. 2  and 4) since the signal- 
to-noise rat io of the slosh fc rce  for these liquids was too small to yield 
reducible data. 
I .  EXPERIMENTAL RESULTS 
The specific objectives of the experiments were: (1) measure the 
lateral slosh force in the fundamental mode as a function of the excitation 
frequency and amplitude, (2) determine the resonant irequency of the funda- 
mental mcde, ar,d (3) mtasure the slosh dnmping. The primary parameters 
to be varied were the Bond number and the volume of liquid contained in the 
tanks; a secondary parameter to be considered was the Galileo (i. e. , Reynolds) 
number . 
For each oblate ellipsoidal tank, t e s  .s were rurr with the tank 75, 50, 
and 25 percent full by volume. The Bond number for each test was computed 
using the free surface diameter, and not the tank diameter, as the significant 
dimension because the suxiace tension forces depend on the size of the free 
surface and not on the size of the tank. Table 2, below, gives the relations 
between the t a r i  filling ratio and the ratio of the free surface diameter to the 
major diameter of the tank, dfs/D, o r  the ratio of the average liquid depth to 
the minor dianeter of the tank, hav/d.+ 
TABLE 2. DIAMETER O F  F R E E  SURFACE AiiD 
AVERAGE LIQUID DEPTH 
% Full 
Even though the Bond numbers for hav/d = 0.330 and 0.670 are the 
same, the free surface curvature for hav/d = 0.670 is much greater than for 
ha,/d = 0.330, as is demonstrated in Figure 2 which shows computed free 
surface shapes for NBO = 50. (Further, the greater the ratio of major to 
minor diameter, the greater is the difference in these curvatures. ) Conse- 
quently, the same Bond number might be expected to have different effects 
for different liquid levels. 
A. a/ 1. 0 Ellipsoidal Tanks 
1. Slosh Force. Figures 3 through 6 show typical f ~ r c e  response 
curves for CC14, methanol, and - etone sloshing in the -1 1.0 oblate 
*The average liquid depth, hav, is the distance from the bottom of the tank to 
a hypothetical, flat free surface enclosing the sarne liquid volume as that used 
in the tests. 
ellipsoidal tanks. The solid lines in tlie figures a r e  faired curves through the 
experimental data. Although there a r e  a number of ways to nondimensionalize 
the curves, they a re  presented in dimensional te rms to facilitate comparison 
with the theoretical predictions, whenever such theories become available. 
The range of Bond numbers covered in the figures is 172 (CCI 4 in the 
1.34 in. X 0.958-in. tank for 50-percent filling) to  48 (CCP4 in the 0.760 in. 
X 0.538 -in. tank for 25- o r  75 -percent filling). Eond numbers as  low a s  about 
25 could have been obtained by using acetone o r  methanol in the smaller tank, 
but, as mentioned earl ier ,  the small density of either of these liquids resulted 
in slosh forces that were too small  to be measured accurately. Other data 
given in the figure include the amplitude of excitation, xo (inches), the 
resonant frequency, f l  (cps), and the slosh damping coefficient, 7,. 
Some slight nonline-~rities, which tend to increase as  the tank size is 
decreased, a r e  apparent in the response curves. For  25-percent filling, the 
responses are slightly nonlinear hardening (resonant frequency increases 
with amplitude), while, for 75-per cent filling, they tend to be nonlinear 
softening; this agrees with previous observations for spherical tanks [51. 
The largest slosh forces for a specific tank size,  liquid, and xo always 
occur at the 50-percent filling level, which also i s  the case for high Bond 
number tests. The "slosh mass" for an equivalent mechanical model can be 
computed from the experimental peak force amplitude and the damping coeffi- 
cient, assuming that nonlinearities are  negligible 16 1 . Such calibrations, in 
fact, were carried out, and they proved that the slosh mass  in every case 
was smaller than the corresponding high Bond number slosh mass; this agrees 
with previous tests using cylindrical tanks [ 2,41 and spherical tanks [ 5 1. 
But, because of various inaccuracies such as  the difficulty in measuring xo 
exactly or  in computing Ts precisely, there was a considerable amount of 
scatter in the calculated results Consequently, quantitative iriformation 
about the slosh mass is not presented. 
2. Natural Frequency. The excitation frequency a t  which the maxi- 
mum force occurs is defined as  the "resonant" frequency. The "natural" 
frequency diifers fromthe resonant frequency by an amount that depends on 
the damping. Assuming that an equivalent mechanical model is a mass-spring- 
dashpot system, the resonant frequency, f l y  and the natural frequency, f'i, are  
related through the equation 
In the present tests,  f l  and never differ by more than 0.001 cps, and, 
hence, the difference is ceglected. 
The variation of the dimensionless frequency parameter ( 2 ~ r f ~ ) ~ ~ ~ /  
with NBO is displayed in Figure 7, where Ro is the radius of the major axis 
of the ellipsoid. In order to eliminate nonlinearities as much as possible, 
only the f l  corresponding to the smallest xo in each series of tests has been 
used. The natural frequency parameter when low-gravity effects a re  
negligible is also shown in Figure 7 [71+. The effect of changing NBO on 
(21f1)2~o/g is very small for the 25-percent filling level, as can be seen, 
but, fo2 the 75-percent filling level, the natural frequency is a strong function 
of NBO, In fact, for NBO = 80, ( 2 1 r f ~ ) ~ ~ ~ l ~  is about 10 perrsnt less tiian the 
high NBO limit. A similar situation prevailed in previous tests with spherical 
tanks (51. As mentioned earlier, the reason for this variation in the influence 
of N B o  is that the curvature of the free surface is much greater, when NBO is 
the same, for 75-percent filling than for 25-percent filling. In the present tests, 
surface tension effects begin to dominate surface curvature effects at about 
NBo = 50 even for the 75-percent filling level, as is evidenced by the change 
in slope of the experimental curve; but, for larger filling ratios, such as the 
84-percent value used in the spherical tank tests [ 5 1 , curvature sti l l  dominates 
surface tension even for NBO < 40. 
3. Slosh Damping. The slosh damping ccefficient Ys was computed 
by the half-bandwidth technique. The computations show that the minimum 7, 
is obtained for a half-full tank and the maximum for a one -quarter full tank 
(except for one test with the 0,760 in. X 0,538-in. tank). All of the test data 
and the corn uted values of Bond number and Galileo number, NGA = 
~-~R:12g~l', a re  listed in Table 3f.  It is evident from the table that, 
generally, Ys increases both as N ~ Y ~  increases and as NBO decreases. For 
example, methanol and acetone have almost equal Bond numbers, for equal 
filling levels in a given tank, yet the larger N - ~ / ~  for methanol is reflected in GA 
' I2 of the larger values of Ts. Likewise, both methanol and CC14 have NCA 
same order of magnitude; yet, the smaller values of NBO for methanol 
generally are  reflected in larger values of 7,. 
-! 12 High NBO test data [ 61 have shown that ys depends on only NGx and 
the liquid level, but previous correlations for cylindrical tanks at low values 
of NBO [3,4,5] have proved that 7, also varies as  an inverse power of NBO, 
either as [3 1 
*Interpolation between the curves presented in Ref. [ 71 was necessary to get 
the values shown in Figure 7, s o a 5 -  to 10-percent e r ro r  could easily be 
present. 
t v  is the kinematic viscosity, 
TABLE 3. SUMMARY OT. DiiqMPTNG DATA FOR \TI. 0 T A W S  
However, in the present tests, the range of NBO and NGA was not large 
enou,'! to detsrmine a correlation equation for Ys. Regardless of this, the 
damping in larger tanks can be estimated according to N & ( ~  scaling; that 
is, the damping in a large tank is approximately 
0112) 
- 
- ( N ~ ~  large ('s )large 112) ('s)srnall 
(%A small 
when NBO in the large tank is the same as in the small tanks used in our 
tests. 
B, 1.991 1.0 Ellipsoidal Tanks 
1. Slosh Force. The force response curves for the 1.991 1.0 
oblate ellipsoidal tmks a re  shown in Figures 8 through 11. Note that, for 
the same major diameter and liquid filling level, the Bond numbers for these 
tanks a re  the same as  for the a/ 1.0 tanks. 
The response curves display the same characteristics as in the previous 
case except that here they a re  more nonlinear. This is especially evident for 
the 0.760 in. X 0,382-in. tank. Further, the small amount of liquid contained 
in this tank limited acquisition of data to Lie 50- and 75 -percent filling levels, 
even for xo = 0.004 in., since the 25-percent level resulted in forces too 
small to be recorded. 
2. Natural Frequency. The variation of ( 2 1 r f ~ ) ~ % / ~  with NBo for 
the present tanks is shown in Figure 12; once again, only the fl corresponding 
to the smallest xo in each series of tests has been used. 
As can be seen, the increase in free surface curvature for these tanks 
as compared to the f i l l .  0 tanks results in more significant departures of 
(2rf1)2~,/g from its high NBO value. In fact, for the 75-percent filling level 
and N B o  = 50, the natural frequency parameter is about 25-percent smaller 
than the high NBO limit.* For the 25- and 50-percent filling levels, the sur- 
face tension dominates the surface curvature whenever NBO 5 100; that is, 
( 2 1 r f 1 ) ~ & / ~  increases with decreases in NBo when N B ~  is less than about 
100, For the 75-percent level, however, this change in slope of the curve 
is not quite evident even when NBO = 50. 
3. Slosh Damping. The slosh damping coefficient, Ys, and the 
computed values of NBO and N Z ; ~ ~  a re  shown in Table 4. These data are 
quite similar to the damping data presented earlier for the f i l l .  0 tanks 
except that here, because of the smaller tank sizes, the damping is slightly 
larger. 
*The high NBO limiting values have been taken from Ref. [ 71. These values 
have previously been shown to compare very well with high NBO tests I 8  1. 
TABLE 4. SUMMARY OF DAMPING DATA FOR 1.991 1.0 TANKS 
Tank 
Diameters 
1.354 in. 
X 
0.682 in. 
1.354 in. 
X 
0.682 in. 
1.354 in. 
X 
Filling 
Ratio 
25 
50 
75 
25 
I 
50 
75 
25 
0.682 in. 
0.760 in. 
X 
0.382 in. 
Liquid 
CCI 4 
Methanol 
Acetone 
'NBo 
152 
172 
152 
89 
101 
89 
85 
N;;Y~ 
0.0092 
0.01028 
0.00767 
CCL4 
xo(in.) 
0.002 
0.003 
0.002 
0.003 
0.002 
0.003 
0.002 
0.003 
0.002 
0.003 
0.002 
0.003 
0.002 
0.003 
0.002 
Ys 
0.045 
0.021 
I 
0.016 
0.013 
0.020 
0.025 
0.031 
I 
0.049 
I 
0.021 
. 
0.025 
I 
0.027 
0.031 
0,018 
I 
0.017 
0.014 
0.01430 
e 
50 
75 
55 
48 
0.004 
0.003 
0.004 
0.047 
a 
0,110 
0.095 
IV. CONCLUSIONS 
The experimental results show that low Bond number sloshing in 
oblate ellipsoidal tanks is qualitatively similar to that occurring for high 
Bond numbers. But, quantitatively, because of the effects of large f ree  surface 
curvature, the natural frequencies for filling levels of about 50 percent o r  more 
a r e  considerably less  than for the corresponding high NBO case; in fact, the 
difference amounts to about 25  percent for a three-quarter full, 1.991 1. 0 
oblate ellipsoidal tank with NBO = 50. Qualitative determinations of the slosh 
mass  for an equivalent mechanical model indicate, furthermore, that in every 
instance the amount of liquid participating in the sldshing i s  less  than for the 
corresponding high NBO, flat interface case. The tests also show that the 
slosh damping varies not only with the liquid level and the Galileo number but 
also with the Bond number. 
There are,  a t  present, no theoretical results to compare with the 
experimental data, although such analyses a r e  now underway a t  SwRI and 
elsewhere. 
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FIGURE 3 .  FORCE RESPONSE CURVES FOR CCi4  IN 
1,354 X 0,958-IN.  TANK 
FIGURE 4, FORCE RESPONSE CURVES FORMETHANOL IN 
1 , 3 5 4  X 0.958-IN, TANK 
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FIGURE 5. FORCE RESPONSE CURVES FOR ACETONE IN 
1.354 X 0.958-lN, TANK 
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FIGURE 6. FORCE RESPONSE CURVES FOR CC14 IN 
0.760 X 0.538-IN. TANK 
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FIGURE 8. F O R (  5 RESPONSE CURVES FOR CC1 IN 
1.354 X 0.682-IN. TANK 
FIGURE 9.  FORCE RESPONSE CURVES FOR METHANOL IN 
1,354 X 0.682-IN. TANK 
FIGURE 10. FORCE RESPONSE CURVES FOR ACETONE IN 
1.354 X 0.682-IN. TANK 
FIGURE 1 1 .  FORCE RESPONSE CURVES FOR CC14 IN 
0.760 X 0.382-IN. TANK 
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